The pedunculopontine nucleus (PPN) has long been considered an interface between the basal ganglia and motor systems, and its ability to regulate arousal states puts the PPN in a key position to modulate behavior. Despite the large amount of data obtained over recent decades, a unified theory of its function is still incomplete. By putting together classical concepts and new evidence that dissects the influence of its different neuronal subtypes on their various targets, we propose that the PPN and, in particular, cholinergic neurons have a central role in updating the behavioral state as a result of changes in environmental contingencies. Such a function is accomplished by a combined mechanism that simultaneously restrains ongoing obsolete actions while it facilitates new contextual associations.
The pedunculopontine nucleus (PPN) has long been considered an interface between the basal ganglia and motor systems, and its ability to regulate arousal states puts the PPN in a key position to modulate behavior. Despite the large amount of data obtained over recent decades, a unified theory of its function is still incomplete. By putting together classical concepts and new evidence that dissects the influence of its different neuronal subtypes on their various targets, we propose that the PPN and, in particular, cholinergic neurons have a central role in updating the behavioral state as a result of changes in environmental contingencies. Such a function is accomplished by a combined mechanism that simultaneously restrains ongoing obsolete actions while it facilitates new contextual associations.
The pedunculopontine nucleus (PPN) lies in the upper brainstem and is present in virtually all vertebrate species, from lampreys to humans. Classically, it has been identified by its population of cholinergic neurons, the labeling of which still constitutes the best way to demarcate its borders. These neurons have prominent and long-range connections with all divisions of the basal ganglia and several thalamic nuclei, as well as descending projections to motor centers in the lower brainstem and spinal cord. Such heterogeneous connectivity has provided the anatomical basis for the involvement of the PPN in a variety of functions ranging from arousal, motivation, and learning to motor deficits in disorders such as Parkinson's disease and progressive supranuclear palsy. The non-cholinergic neurons in the PPN, in contrast, are far less well characterized in terms of connectivity and function; however, the recent development of rodent lines with genetic tagging has significantly contributed to the progress in their characterization. In this review, we revisit the early evidence that led to the current notions of PPN functions, and, based on recent findings on its connectivity and roles in behavior, we propose an integrative perspective of its contribution to normal brain operations.
Cytoarchitecture and Connectivity
The PPN is neurochemically heterogeneous, containing predominantly projection neurons with ascending and descending connectivity. It is composed of at least three distinct neuronal subtypes: cholinergic, GABAergic, and glutamatergic (Wang and Morales, 2009 ). There are approximately 3,000 PPN cholinergic neurons in the rat brain, and they are differentially distributed across the rostrocaudal axis, such that the most rostral part of the PPN contains a small number of cholinergic neurons that gradually increases in number and density toward the caudal part. This distribution and the fact that only cholinergic neurons were considered led to the now-outdated nomenclature defining the rostral part as the pars dissipata and the caudal part as the pars compacta. While cholinergic neurons define the borders of the PPN, GABAergic and glutamatergic neurons do not follow the same distribution as cholinergic neurons, and their relationships to the borders of the PPN are less clear. GABAergic neurons are densely concentrated in the rostral PPN, forming a continuum with the GABAergic neurons of the substantia nigra pars reticulata (SNr) and the rostromedial tegmental nucleus (Mena-Segovia et al., 2009) . Glutamatergic neurons are more densely distributed in the caudal PPN and extend dorsally into the cuneiform nucleus. The rostrocaudal differences in these neurochemical subtypes of PPN neurons seem to be correlated with rostrocaudal differences in the connectivity and function of the nucleus (discussed later).
Single-cell tracing and reconstructions of cholinergic neurons have revealed distinctive patterns of their connectivity (Figure 1 ). Their axons originate from the cell body and give rise to an average of five collaterals, the majority of which have an ascending trajectory that follows both a dorsal stream and a ventral stream (Mena-Segovia et al., 2008) . The ascending ventral stream innervates some parts of the basal ganglia located in the midbrain and continues to the hypothalamic region in the basal forebrain. Synapses formed by cholinergic axons have been identified in the substantia nigra pars compacta (SNc; Bolam et al., 1991; Clarke et al., 1987) , ventral tegmental area (Oakman et al., 1995) , and subthalamic nucleus (STN; Bevan and Bolam, 1995) . In addition, cholinergic axons have been identified in the SNr (Saper and Loewy, 1982) , lateral hypothalamus, ventral pallidal area (Woolf and Butcher, 1986) , amygdala, and medial and lateral septum (Dautan et al., 2016a) . The ascending dorsal stream innervates the colliculi and thalamus. Synaptic connections have been observed in the superior colliculus (Jeon et al., 1993; Kobayashi and Nakamura, 2003) , parafascicular nucleus (Kobayashi and Nakamura, 2003; Parent and Descarries, 2008) , reticular thalamic nucleus (Hallanger and Wainer, 1988) , and anterior thalamus (Holmstrand et al., 2010) . Retrograde and anterograde tracer studies have identified connections with the inferior colliculus (Motts and Schofield, 2009) and all major motor, sensory, associative, and limbic thalamic nuclei Smith et al., 1988; Steriade et al., 1988) . Single-cell labeling and reconstructions have also revealed a descending axonal trajectory arising from one or two collaterals (Mena-Segovia et al., 2008 ) that preferentially innervate the pontine oralis and caudalis. A less prominent projection to the gigantocellular nucleus has also been described (Martinez-Gonzalez et al., 2014) . Some studies have also reported the existence of cholinergic fibers from the PPN reaching the spinal cord (Rye et al., 1988; Spann and Grofova, 1989) . Thus, the axons of cholinergic neurons are highly collateralized and have long-range connections innervating structures in the midbrain, forebrain, and lower brainstem.
The large number of targets of cholinergic neurons poses the question as to whether sub-populations selectively innervate particular arrays of target structures. Although there are insufficient data at present, some evidence suggests that, at least, a small proportion may not give rise to both ascending ventral and dorsal stream projections (Holmstrand and Sesack, 2011) . Nevertheless, it is clear that cholinergic neurons in the rostral part of the PPN predominantly innervate laterally located motor structures (e.g., SNc, dorsolateral striatum) and that those in the caudal portions innervate medially located limbic structures (e.g., ventral tegmental area [VTA] , dorsomedial striatum) (Dautan et al., 2014 (Dautan et al., , 2016b . The topographical organization thus resembles the lateral-to-medial functional segregation of motor and limbic circuits (Figure 2 ). This topographical organization also raises the question as to whether there are functional subtypes of cholinergic neurons. Early slice recordings demonstrated distinct types of physiological properties of identified cholinergic neurons (low-threshold calcium spikes and transient outward currents) (Takakusaki et al., 1997) . Furthermore, neurons recorded in vivo and subsequently labeled and identified as cholinergic were divided into a rare population, firing at a fast rate and a much more common, slow-firing rate population (Mena-Segovia et al., 2008) . Further insights into the specialization of cholinergic neurons may arise from full molecular profiling, as some of them have been shown to express other neuronal markers, such as NADPH-diaphorase (Vincent et al., 1983 ) and calcium-binding proteins (Cô té and Parent, 1992; Martinez-Gonzalez et al., 2012) .
In comparison to the cholinergic neurons, much less is known about the connectivity of the non-cholinergic neurons in the PPN. Single-cell reconstructions of neurons electrophysiologically recorded in vivo and subsequently identified as non-cholinergic have revealed that their axons are far less complex and less extensive than those of cholinergic neurons, although they share many of the same targets (Mena-Segovia et al., 2008) . On average, non-cholinergic neurons give rise to two axon collaterals, the trajectories of which are restricted to the midbrain and lower brainstem. In some cases, non-cholinergic neurons provide selective innervation of basal ganglia structures. Some of the synapses in the basal ganglia formed by non-cholinergic axons originating in the PPN form asymmetric specializations, suggesting an excitatory nature of the synapse (Ros et al., 2010) . Furthermore, tracing studies have identified glutamatergic projections from the PPN to the SNc, VTA (Charara et al., 1996) , STN (Bevan and Bolam, 1995) , and, more recently, thalamus (Barroso-Chinea et al., 2011) . GABAergic PPN neurons, in turn, have been reported to project to the STN (Bevan and Bolam, 1995) and hypothalamus (Ford et al., 1995) , but other targets remain to be identified. Because of the high density of GABAergic neurons in the rostral portion of the PPN, which exceeds cholinergic neurons five to ten times in the most rostral portions, and where glutamatergic neurons are scarce (MenaSegovia et al., 2009; Wang and Morales, 2009) , it is likely that tracing studies that targeted the rostral portion of the PPN predominantly labeled GABAergic neurons. Thus the preferential innervation of basal ganglia output structures, the SNr and internal globus pallidus, by rostral PPN (e.g., Jackson and Crossman, 1983; Lavoie and Parent, 1994 ) is likely to be mediated by GABAergic neurons. However, more work is necessary to define the postsynaptic targets of GABAergic neurons. The extent to which the three neurochemically distinct populations are interconnected within the PPN is not yet fully understood. All three populations give rise to local axon collaterals and local synaptic connections (Figure 3 ). Cholinergic neurons provide the most prominent of all three, as indicated by the number of varicosities possessed by local collaterals (Mena-Segovia et al., 2008) , suggesting that they have a denser local innervation than the other two types of neurons. Furthermore, the existence of interneurons within the PPN supports the notion of a complex local regulation whose modulation may primarily depend on cholinergic neurons ( Figure 3A ); yet cholinergic neurons only constitute about a fifth of all neurons in the PPN (Mena-Segovia et al., 2009; Wang and Morales, 2009) , and, despite this, most of the current hypotheses of the function of the PPN are based on cholinergic neuron function. However, some of the proposed functions may have been inappropriately assigned to cholinergic neurons because of the technical challenges in defining/identifying the other populations of PPN neurons. Some recent studies have begun to reveal functional differences between cell types (e.g., Cox et al., 2016; Roseberry et al., 2016) , but, interestingly, studies about their connectivity show more similarities than differences (e.g., see Martinez-Gonzalez et al., 2014) , suggesting that targets of the PPN likely receive a multiplexed signal arising from cholinergic, GABAergic, and glutamatergic neurons. Cholinergic neurons, however, may be able to reach several targets at once, given their higher degree of axonal collateralization, whereas the co-activation of subsets of GABAergic or glutamatergic neurons may depend on a variety of factors, including the local modulation or afferent modulation.
The Laterodorsal Tegmental Nucleus
Caudal to the PPN, a dense cluster of cholinergic neurons is defined as the laterodorsal tegmental nucleus (LDT). While this review is primarily dedicated to the PPN, it is not possible to provide an integrative perspective of the PPN without mentioning the LDT (see also Mena-Segovia, 2016 , for a focused review on the differences and similarities between PPN and LDT). Cholinergic neurons of the brainstem form part of a continuum starting at the caudal end of the substantia nigra (representing the most rostral portion of the entire PPN), extending caudally across the superior cerebellar peduncle (where both the rostral PPN and caudal PPN are located), and ending at the caudal end of the LDT, which lies between the lateral part of the central gray matter and the fourth ventricle. The LDT, like the PPN, is composed of GABAergic and glutamatergic neurons, as well as the cholinergic neurons, and similarly innervates a diverse array of structures in the midbrain and forebrain, although LDT targets are predominantly limbic, whereas PPN targets also include motor structures.
Anatomical studies have identified synaptic connections of LDT neurons in the midline thalamus (Cornwall et al., 1990) , the nucleus accumbens (Dautan et al., 2014) , the VTA (Oakman et al., 1995) , and the hypothalamus (Cornwall et al., 1990) . In addition, cholinergic axons originating in the LDT have been identified in the ventral pallidum, the external globus pallidus, amygdala, inferior colliculus, and dorsal raphe (Dautan et al., 2016a) . Thus, the targeting of ventral basal ganglia and midline thalamic structures by cholinergic neurons of the LDT mirrors the corresponding set of structures in the dorsal basal ganglia and intralaminar thalamus innervated by the PPN (Figure 2 ). Such a functional organization across the entire cholinergic brainstem is likely to influence the activity of analogous sets of structures across different motor-to-limbic functional domains.
What Is the Role of PPN in Arousal?
Arousal is a general term to define a state of brain activity where sensory integration and neuronal computations are facilitated. One of the neuronal substrates of arousal was identified in the 1940s and later conceptualized as the reticular activating system (RAS). In their pioneering studies, Moruzzi and Magoun demonstrated that electrical stimulation of the reticular formation induced a change in the pattern of cortical activity recorded in the electroencephalogram (EEG; Moruzzi and Magoun, 1949) . During the stimulation, there was a transition from slow oscillatory activity of high amplitude to fast oscillatory activity of low amplitude, a characteristic sign of cortical activation, EEG ''desynchronization,'' and wakefulness. Over the next decades, the concept of the RAS evolved and was adopted to explain transitions between states: activation of the RAS was necessary to ''awaken'' the brain, whereas its inactivation was proposed to induce sleep, implying a continuous role during the waking state. Destruction of the RAS consequently, was believed to induce coma (Lindsley et al., 1949) . During the 1980s, Steriade and colleagues demonstrated that at least some of the effects resulting from the stimulation of the reticular formation were a consequence of activation of cholinergic neurons and were mediated by the thalamus (Steriade et al., 1991) . Thus, the PPN and LDT were shown to innervate thalamic structures that, in turn, Cholinergic neurons of the PPN and LDT innervate a similar array of forebrain targets but maintain a clear topographical organization. Neurons of the rostral PPN (PPNr) preferentially innervate motor-related circuits such as the SNc, the dorsolateral striatum (DLS), and the intralaminar thalamus. In contrast, neurons of the LDT preferentially innervate limbic-related circuits such as the VTA, the dorsomedial striatum (DMS), and the midline thalamus. The caudal PPN (PPNc) provides innervation to both motor and limbic structures as well as other associative regions. Abbreviations: IL, intralaminar thalamic nuclei; Mid, midline thalamic nuclei; SNc, substantia nigra pars compacta; VTA, ventral tegmental area.
produced widespread projections to the cerebral cortex Steriade et al., 1988) , illustrating a potential mechanism for RAS-mediated cortical activation and arousal. The idea of the RAS was further supported by the observations that neurons in the region comprising the PPN and LDT in cats have higher firing rates during wakefulness and REM sleep, compared to slow-wave sleep, consistent with the idea of a structure involved in modulating active cortical states (Steriade et al., 1990) . Furthermore, some of these neurons were identified as projecting to the thalamus by antidromic activation. In subsequent years, the notion of the PPN as a key component of the RAS and modulator of arousal was adopted. However, while electrical and pharmacological stimulation of the PPN was consistently used as a tool to induce rapid and robust brain state changes in a variety of experimental paradigms, lesions of the PPN failed to impair the waking state or produce alterations in the overall sleep-wake cycle (Deurveilher and Hennevin, 2001) , thus putting into question how critical cholinergic neurons of the PPN are in the induction and maintenance of wakefulness (Fuller et al., 2011) .
The advent of methods for combined electrophysiology, single-cell labeling, and molecular profiling has allowed the identification of the properties of different types of neurons in the PPN and LDT in the intact brain. Identified PPN cholinergic neurons in the rat have been shown to fire at a low frequency (2 Hz) in vivo, and their activity is correlated with electrophysiological patterns of cortical activation; furthermore, reconstructions of the same recorded neurons revealed that they have widespread projections, including several divisions of the thalamus (Mena-Segovia et al., 2008) . While the activity of cholinergic neurons is higher during EEG desynchronization, a low level of activity is maintained during urethane-induced slow oscillations and is temporally organized during the cortical UP states, coinciding with the presence of nested cortical gamma (30-50 Hz) oscillations. In the naturally sleeping rat, identified cholinergic neurons of the LDT and the most medial portion of the PPN have been shown to fire at higher rates during waking and REM sleep than during non-REM sleep, with an average of about 2 Hz during the active waking state and about 1 Hz during the quiet waking state (Boucetta et al., 2014) . Similar findings relating to differences in activity across brain states have been reported using fluorescent calcium indicators selectively expressed in cholinergic neurons (Cox et al., 2016) . Thus, the analysis of identified cholinergic neurons in the intact brain has supported the idea of increased firing rate in the PPN during states of cortical activation, even though the observed firing rates were markedly slower than expected from previous studies in which the neurochemical nature of the recorded neurons was not identified (e.g., Steriade et al., 1990) . Furthermore, during both cortical activation in the anesthetized rat and waking in the naturally sleeping rat, the firing of cholinergic neurons appears to be episodic and discontinuous (Boucetta et al., 2014; Mena-Segovia et al., 2008) , thus not supporting the idea that tonic activity is necessary to maintain the waking state and that inhibition of the tonic activity induces sleep. Analyses of identified cholinergic neurons during brain state transitions have revealed that they rapidly and robustly increase their firing rate during sensory stimulation that elicited cortical activation (Petzold et al., 2015) . In fact, cholinergic neurons respond to the stimulation before changes in the EEG activity pattern are detected, supporting the idea that activation of cholinergic neurons precedes cortical activation, although this does not imply causality. Importantly, however, the increase in cholinergic neuron firing is only transient: following a phasic peak in activity, the firing rate returns to the baseline, even though, in some cases, the cortex remains in the activated state (Petzold et al., 2015) . These results suggest that cholinergic neurons are activated, but only transiently, during brain state transitions (Figure 4 ). In support of this, cholinergic neurons have a high discharge adaptation index (Bordas et al., 2015; Petzold et al., 2015) , probably mediated by M-currents that control their excitability and prevent them from discharging at high firing rates over prolonged periods of time. In addition, elevated firing rates seem to be attenuated by an endocannabinoid-mediated mechanism, associated with astrocytes, that modulates excitatory presynaptic input to cholinergic neurons (Ková cs et al., 2017) . In agreement with this, sustained activation of cholinergic neurons by means of chemogenetic manipulation does not increase the total time awake in mice (Kroeger et al., 2017) . If cholinergic neurons have a role in arousal, it thus seems to be episodic and dependent on the excitatory synaptic drive. Cholinergic neurons are also active during REM sleep, and it has been suggested that a subset of cholinergic neurons is specifically activated during this brain state. However, further evidence is necessary to convincingly demonstrate the existence of functionally distinct types of cholinergic neurons associated with vigilance states (Maloney et al., 1999; Van Dort et al., 2015) . During REM sleep, the firing rate of cholinergic neurons is higher than during wakefulness (3 Hz) and remains constant during the episodes of REM sleep (Boucetta et al., 2014) their activation does not seem necessary for REM sleep to occur (Grace et al., 2014) . While PPN and LDT may be contributing to the pattern of activation detected in the cortex, they also provide a cholinergic input to the subcoeruleus nucleus that has been shown to mediate muscle tone inhibition, which is one of the cardinal signs of REM sleep (discussed later) (Vanni-Mercier et al., 1989) . Further investigation into the cholinergicmediated mechanisms of REM sleep are necessary. Glutamatergic and GABAergic neurons of the PPN and LDT display a wider array of electrophysiological properties than do cholinergic neurons. Most of them show state-dependent patterns of activity (Boucetta et al., 2014; Ros et al., 2010) , as well as rapid changes in their firing rates during brain state transitions (Petzold et al., 2015) . Similar to cholinergic neurons, glutamatergic and GABAergic neurons have higher firing rates during states of cortical activation (i.e., waking and REM sleep; Boucetta et al., 2014) and are also entrained by distinct phases of cortical slow (1 Hz) oscillations (Mena-Segovia et al., 2008; Ros et al., 2010) . However, in contrast to cholinergic neurons, subpopulations of glutamatergic neurons show sustained increases in activity during different states of activation: they maintain a high discharge rate during the waking state (Boucetta et al., 2014) or during REM sleep (Cox et al., 2016) . Indeed, chemogenetic activation of PPN glutamatergic neurons produces a prolonged increase in wakefulness (Kroeger et al., 2017) . Furthermore, the analysis of their discharge during state transitions has revealed that, following sensory stimulation, putative glutamatergic neurons robustly increase their firing rate, which is maintained beyond the stimulation period (Petzold et al., 2015) . All this evidence points toward a more significant role of glutamatergic neurons than of cholinergic neurons during states of cortical activation. Both the elevated firing rate of glutamatergic neurons during activated states and their sustained increase in activity during brain state transitions are consistent with the early data relating to the overall firing of PPN neurons during different states of vigilance. This suggests that some of the conclusions in the early studies are most likely explained by the dynamics of glutamatergic neurons and also suggests a prominent role of glutamatergic neurons in brain state-dependent activity in the PPN.
The studies summarized here thus support the idea that both PPN cholinergic and glutamatergic neurons possess the necessary physiological properties and connectivity to produce global activation and arousal-like states, but key differences in their dynamics suggest different roles. While cholinergic neurons do not seem to be necessary to maintain the waking state, they have a dense connectivity with thalamocortical circuits whose activation is associated with the induction of high-frequency oscillations in the cortex. Thus, cortical gamma oscillations can be induced in both thalamus and cortex following PPN stimulation in the cat (Steriade et al., 1991) . Infusion of carbachol (a nicotinic and muscarinic agonist) into the PPN induces an increase in cortical gamma oscillations, presumably by activating the targets of the local cholinergic axons (Mena-Segovia et al., 2008) . Such activation has revealed a mechanism by which subcortical-induced gamma oscillations couple to locally generated oscillations in the cortex (Valencia et al., 2013) . Recent optogenetic experiments have confirmed the transient induction of cortical gamma oscillations following the activation of PPN cholinergic neurons (Furman et al., 2015) . Furthermore, in the behaving monkey, induction of gamma oscillations by PPN stimulation increases the coherence between cortical areas during a visual task (Munk et al., 1996) . Thus, one possible role of cholinergic neurons is to produce transient increases in gamma oscillations in thalamic and cortical circuits. The circumstances in which cholinergic neurons become activated are not clear yet, but some data indicate that their activation may be determined by behavioral contexts rather than occurring merely during transitions of vigilance states.
Functional Connectivity of the PPN with Motor Systems and Its Role in Movement
In addition to an association with the RAS, early studies also associated the PPN with the mesencephalic locomotor region (MLR). In the 1960s, Shik and colleagues showed that stimulation of the pontomesencephalic reticular formation elicits movement (Shik et al., 1966 ). This work was followed up by studies (Mori et al., 1978) showing that decerebrate cats produce stepping movements when stimulated in the pontine reticular formation. Garcia-Rill, Skinner, and colleagues showed that ramping electrical stimulation in the region of the PPN and its vicinity elicited movement in decerebrate rats (Garcia-Rill et al., 1987; Skinner et al., 1990 ). However, more recent studies have questioned the inclusion of the PPN as part of the MLR (Thankachan et al., 2012) and have identified spinally projecting non-cholinergic neurons in the areas surrounding the PPN, whose activation induces locomotion (Sherman et al., 2015) .
The descending stream of PPN projections associated with the motor systems of the lower brainstem has both cholinergic and putative glutamatergic components (Figure 1) . As outlined earlier, PPN neurons have descending projections that innervate the nucleus pontis oralis (PnO) and nucleus pontis caudalis (PnC) in the brainstem (Mena-Segovia et al., 2008) , the reticulospinal neurons of the gigantocellular nucleus (Martinez-Gonzalez et al., 2014) , and the spinal cord (Spann and Grofova, 1989) . Single-neuron tracing studies have shown that the descending collaterals of cholinergic neurons arise from neurons that also have ascending projections. Thus, cholinergic neurons that innervate thalamic structures also provide innervation of pontine structures such as the PnO (Mena-Segovia et al., 2008) . The descending projections of GABAergic and glutamatergic neurons are less well defined. From single-neuron tracing studies, we have observed that only a small proportion of non-cholinergic neurons have descending projections and that some of these only have descending axons projecting to motor centers in the lower brainstem (Ros et al., 2010) . This exclusive descending pattern of projection has not been observed for cholinergic neurons. Furthermore, tracing studies have revealed significantly more ChAT (choline acetyltransferase)-immunonegative neurons innervating the gigantocellular nucleus, where reticulospinal neurons are located, compared to ChAT-immunopositive neurons (Martinez-Gonzalez et al., 2014) . A small proportion of these neurons also give rise to ascending projections. In summary, only a small proportion of PPN neurons have descending projections, and these are mainly non-cholinergic.
Electrophysiological experiments suggest that cholinergic and glutamatergic neurons have opposite roles in movement. In decerebrate cats, Takakusaki and colleagues mapped the effects of the electrical stimulation of PPN and the neighboring cuneiform nucleus (located dorsal to the PPN) on their downstream targets (Takakusaki et al., 2016) . PPN stimulation induced an atropine-sensitive decrease in the muscle tone, inhibitory postsynaptic potentials (IPSPs) in the PnO, and inhibition of motoneurons, thus suggesting a muscarinic-mediated cholinergic mechanism for motor inhibition. When stimulation was delivered to the dorsal region of the PPN, where glutamatergic neurons are more prominent, three components in the field potentials of the PnO were identified: a fast excitatory postsynaptic potential (EPSP), followed by fast and late IPSPs that are sensitive to atropine. These data contrast with the findings observed following stimulation of the cuneiform nucleus, where no cholinergic neurons are present. Stimulation of this region produced only EPSPs in the PnO, with an increase in both muscle tone and discharge of motoneurons. These findings suggest that the cholinergic output from the PPN inhibits movement and reduces the muscle tone, whereas the glutamatergic output induces movement and increases the muscle tone.
Further differences between cholinergic and glutamatergic contributions to motor activity have been observed using transgenic lines to selectively manipulate sub-populations of PPN neurons. A recent study showed that glutamatergic neurons in both PPN and cuneiform nucleus receive prominent innervation from the basal ganglia, amygdaloid complex, and LDT, and their optogenetic stimulation elicits locomotion (Roseberry et al., 2016) . Consistent with this, findings in the decerebrate cats showed atropine-resistant EPSPs in PnO following electrical stimulation in PPN and cuneiform nucleus (Takakusaki et al., 2016) . Notably, while optogenetic stimulation of cholinergic neurons in a ChAT-cre line induces locomotion only in those mice that are already moving, the magnitude of the effect is far less than that produced by the optogenetic stimulation of glutamatergic neurons in VGluT2-cre mice (Roseberry et al., 2016) . It is important to remember that, in decerebrate cats, the ascending collaterals of PPN neurons are severed, whereas the optogenetic studies are performed in the intact brain of head-fixed rodents. Thus, it is possible that activation of the ascending collaterals of cholinergic neurons have an effect on motor activity, and, indeed, our recent experiments support this idea. Light stimulation in the VTA of the axons of channelrhodopsin-transduced cholinergic PPN and LDT neurons leads to an increase in motor activity, either during PPN axon stimulation or during cumulative LDT axon stimulation (i.e., repeated pulses over the entire 30-min trial session) (Dautan et al., 2016b) . Such effects are sensitive to a mixture of muscarinic and nicotinic antagonists and are associated with increased action potential discharge of identified dopamine neurons (discussed later) that, in turn, project to the striatal complex (mesostriatal system). Overall, these findings suggest that, while descending cholinergic projections prevent ongoing movement by directly inhibiting lower brainstem motor centers and indirectly motoneuron firing (also in line with their role in the acetylcholine-mediated REM sleep atonia), ascending cholinergic projections may promote goal-directed locomotion by increasing dopamine neuron activity and subsequent dopamine release in the striatum. In contrast, activation of glutamatergic neurons, originating in a functionally overlapping area comprising the cuneiform nucleus and the dorsal part of the PPN, elicits a direct motor output mediated by downstream motor circuits.
The functional overlap between the cuneiform nucleus and the glutamatergic component of the PPN may also help to interpret results from human and non-human primates that have shown that activity in this region is correlated with locomotion (see also Alam et al., 2011) . Thus in macaques, neurons in the PPN and surrounding areas (possibly cuneiform nucleus) increase or decrease their activity during arm movements (Matsumura et al., 1997) , and recordings from the cuneiform nucleus and PPN have shown neurons discharging in phasic or tonic patterns during locomotion in a treadmill (Goetz et al., 2016) . Similarly, studies in patients with Parkinson's disease have shown that PPN neurons discharge during limb movement and imaginary gait (Lau et al., 2015; Tattersall et al., 2014) . Finally, lesions of the PPN in rodents affect the activity of the cuneiform nucleus and its interaction with the cortex (Jin et al., 2016) . Further studies are necessary to characterize the opposing nature of cholinergic and glutamatergic signals originating in the mesopontine tegmentum and whether their interaction forms the basis of a more complex mechanism of motor regulation.
Modulation of Dopamine Neurons
One of the most prominent targets of the PPN and LDT is the complex of dopamine neurons in the midbrain comprising the SNc and the VTA. As with other ascending brainstem connections, it is topographically organized so that the rostral PPN innervates predominantly the SNc, the caudal PPN innervates both the SNc and the VTA, and the LDT innervates predominantly the VTA (Gould et al., 1989; Oakman et al., 1995) . The projections are largely unilateral, although a few contralateral projections have been observed (Beninato and Spencer, 1987) . The innervation by PPN and LDT is heterogeneous, arising from the cholinergic, glutamatergic, and GABAergic neurons (Charara et al., 1996; Dautan et al., 2016b) , and produces strong modulatory effects on SNc and VTA neurons (Floresco et al., 2003; Scarnati et al., 1984) . The cholinergic innervation has been studied most extensively and has been shown to make synaptic contact with both dopamine and non-dopamine neurons in the midbrain (Bolam et al., 1991; Dautan et al., 2016b; Sesack, 2005, 2006) .
Stimulation of acetylcholine receptors produces robust effects on the activity of dopamine neurons and modulates their phasic firing (Lichtensteiger et al., 1982; Mereu et al., 1987; Zhang et al., 2005) . Furthermore, nicotine administered to the VTA enhances drug-seeking behavior during self-administration paradigms and is able to produce changes in plasticity in dopamine neurons that may underlie addiction (Volkow and Morales, 2015) . Importantly, the PPN and LDT are the only source of cholinergic innervation of midbrain dopamine neurons (Dautan et al., 2016b) , and there is a close relationship between the dopamine midbrain and the cholinergic brainstem in the expression of behavior.
Optogenetic activation of cholinergic axons increases the firing of identified dopamine neurons mediated through nicotinic receptors and is independent of glutamatergic transmission (Dautan et al., 2016b) . Stimulation of PPN cholinergic axons produces a switch in the activity of dopamine neurons from regular firing to burst firing or vice versa, whereas stimulation of LDT cholinergic axons produces an increase in burst activity selectively in dopamine neurons that project to the nucleus accumbens shell. Furthermore, stimulation of PPN and LDT cholinergic axons preferentially modulates subsets of dopamine neurons defined by their responsiveness to a hindpaw pinch. Finally, in freely moving rats, optogenetic activation of PPN cholinergic axons in the VTA produces a transient increase in motor activity during the stimulation period only, whereas cumulative LDT stimulation produces an overall long-term increase in locomotion (Dautan et al., 2016b) . These results suggest that, while PPN and LDT cholinergic axons converge in the VTA and both innervate dopamine neurons, they target distinct subsets of neurons with distinct connectivity and functional properties. Similarly, optogenetic stimulation of PPN, but not LDT, cholinergic axons in the SNc induces locomotion (Xiao et al., 2016) , further supporting the idea of functional specialization across the cholinergic brainstem.
Behavioral studies have revealed the activity of PPN/LDT neurons in the context of dopamine-mediated behaviors. Neurons of the PPN have been suggested to respond to sensory cues during reinforcement learning (Pan and Hyland, 2005) . Both primate and rodent studies have converged to reveal that the signals arising in PPN neurons that are transmitted to the dopamine midbrain are functionally heterogeneous. In monkeys, PPN neurons respond either to cue presentation and reward or to reward alone, and their firing rate is modulated by the predicted reward magnitude (Okada et al., 2009 ). Furthermore, neurons in regions of the PPN that were antidromically identified to project to the SNc respond to salience and to motivational value (Hong and Hikosaka, 2014) . In mice, subsets of PPN neurons that monosynaptically innervate VTA dopamine neurons encode a variety of responses ranging from phasic, short-latency activation during odor cues that predicted a reward or during pure reward presentation (without cue response) to changes in activity during reward omission, suggesting an active role in reward prediction error (Tian et al., 2016) . Indeed, inactivation of the PPN leads to decreased sensitivity to reward omissions, as revealed by a tendency in rats to ignore higher risk contingencies in a behavioral task designed to evaluate decision making under risk (Leblond et al., 2014) . The role of PPN neurons in signaling actionoutcome associations is further supported by their ability to encode previous decisions and influence the upcoming choices (Thompson et al., 2016) . Despite the elegant design of these behavioral studies, the caveat is that we do not know the neurochemical phenotypes of the PPN neurons that are associated with the variety of neuronal responses, given that all three neuron populations project to the VTA and each have distinct dynamics of activation, making it difficult to single out their contribution. These findings suggest that distinct functional subtypes of neurons exist in the PPN, and each may have specific roles in encoding salience or reward prediction error.
Recent optogenetic studies have shed light on the influence of cholinergic and glutamatergic neurons on dopamine neurons in the VTA and SNc in behaving rodents. Optogenetic activation of both PPN and LDT cholinergic axons in the VTA in rats biased place preference (Xiao et al., 2016) and delayed extinction in a lever-press task, in which sugar pellets were replaced by the laser stimulation (Dautan et al., 2016b) . The biased place preference also occurs following non-specific optogenetic activation of LTD axons (Lammel et al., 2012) . Furthermore, optogenetic activation of PPN glutamatergic axons in the VTA in mice produces a reinforcing effect, as evidenced by increased intracranial self-photostimulation (Yoo et al., 2017) . In addition, optogenetic inhibition of PPN cholinergic and glutamatergic axons decreases the cue-reward association in a Pavlovian task in mice (Yau et al., 2016) , whereas optogenetic activation of LDT cholinergic, but not glutamatergic, neurons induces place preference (Steidl et al., 2017) . Thus, both electrophysiological and optogenetic experiments support the involvement of PPN and LDT in reinforcement learning and the modulation of reward circuits. Furthermore, glutamatergic signaling from subsets of PPN and LDT neurons seem also to contribute to shape the response of VTA and SNc neurons, as they are able to modulate their firing (Chen and Lodge, 2013; Futami et al., 1995; Yoo et al., 2017) and influence behavior (Steidl et al., 2017; Yau et al., 2016) .
In summary, cholinergic neurons of the PPN and LDT provide a cell-type-specific modulation of subsets of dopamine neurons that contributes to sculpting the behavioral output. Dopamine neurons not only increase their firing rate in response to cholinergic axon activation but also switch their activity pattern, suggesting that cholinergic neurons signal a state change and may contribute to shape the reward prediction error signal. The ability to signal a state change is also compatible with the idea that activation of some PPN/LDT neurons is driven by salient events that encode behaviorally relevant information (e.g., anticipation of a positive outcome, expectancy) and is akin to their effects in thalamic circuits during global state transitions. Thus, phasic cholinergic signaling from the PPN and LDT simultaneously mediates state transitions in both dopamine and thalamic systems (through axon collaterals of the same neurons), increasing dopamine levels in the striatum and inducing high-frequency oscillations in thalamic circuits, which, in turn, facilitates the coherence between cortical regions.
An Integrative Theory
The functions of the PPN associated with behavioral activation are likely to depend predominantly on its ascending connections (Winn, 2006) . As pointed out earlier, single-cell reconstructions and tracing studies strongly suggest that the major targets of PPN neurons are midbrain and forebrain structures. These ascending projections are largely concentrated in the basal ganglia and, notably, influence the striatum both directly (Dautan et al., 2014) and indirectly through the thalamostriatal and mesostriatal systems. Thus, through the thalamostriatal and mesostriatal systems, cholinergic afferents from the PPN and LDT are in a position to influence two of the major input systems to the striatum. Indeed, dopamine release in the striatal complex is modulated by cholinergic receptors located in the somatodendritic regions of midbrain dopamine neurons (Blaha and Winn, 1993; Forster and Blaha, 2003) , and the axons of PPN neurons are in a position to directly innervate thalamostriatal neurons in the parafascicular nucleus of the thalamus (Erro et al., 1999) . In summary, these studies support the notion of indirect regulation of striatal activity by PPN neurons. Based on the connectivity of cholinergic neurons and the fact that collaterals to both targets arise from the same neurons, it is clear that their effects on mesostriatal and thalamostriatal systems are inextricably linked. Moreover, the recent evidence of direct projections from PPN/ LDT cholinergic neurons to the striatal complex (Dautan et al., 2014) highlights the central position of the striatum as a key target of the PPN ( Figure 5 ).
Thalamostriatal neurons originate in many thalamic nuclei but most prominently arise in the parafascicular and centromedian nuclei (see review by Smith et al., 2014) . These projections preferentially target cholinergic interneurons (Lapper and Bolam, 1992) , as well as direct-and indirect-pathway medium spiny neurons (Doig et al., 2010; Huerta-Ocampo et al., 2014; Raju et al., 2006) . Activation of thalamostriatal projections induces a burst of spikes in cholinergic interneurons and a transient suppression of cortical input (Ding et al., 2010) . In contrast, inactivation of thalamostriatal projections impairs new learning following changes in behavioral contingencies and reduces the ability to encode new action-outcome associations, due to a reduction in the activity of cholinergic interneurons (Bradfield et al., 2013) . It is important to note that interruption of the communication between the thalamus and the striatum produces similar behavioral outcomes to those obtained following inactivation of PPN. Thus, studies from the group of Winn revealed that inactivation of the PPN by infusion of a GABA agonist makes rats less responsive to degradation in contingencies between action and outcome, and, importantly, the same manipulation does not produce any behavioral effect if the contingencies remain unchanged, thus suggesting an impaired updating action-outcome process (Maclaren et al., 2013) . Excitotoxic lesions of the rostral part of the PPN increases perseverance in a task where the rats have to switch their behavioral strategy to continue receiving reward (Wilson et al., 2009) . Interestingly, this region of the PPN innervates the dorsolateral striatum, a region associated with habit formation (Jog et al., 1999) . Furthermore, selective lesions of cholinergic neurons in the PPN in rats leads to an impaired performance in a task that requires constant updates in walking speed (rotarod test) (MacLaren et al., 2014) . Finally, NMDA-mediated, non-selective lesions of the PPN impair probabilistic reversal learning due to increased perseverance for returning to the location that was originally associated with reward (Syed et al., 2016) . These studies thus suggest a role for the PPN in behavioral adaptation in tasks that are typically associated with striatal function and, more specifically, with the interaction between thalamus and striatum. The data imply that the projections from the PPN to the thalamus modulate thalamostriatal neuron activity and the behavioral functions associated with it, in particular, updating the behavioral state.
One of the most important questions that needs to be addressed to enable us to understand the function of the PPN is the origin of the afferent drive and the nature of its contribution to the activity of the PPN. In other words, where does PPN get information about what conditions require updating? There are two possible scenarios: first, the PPN becomes activated during salient stimuli. In this situation, any sensory input above a certain threshold of detection will activate cholinergic signaling, regardless of whether it predicts any value in a particular behavioral context. This implies that the mechanisms for driving a change in the behavioral state will be triggered even in circumstances that are not necessarily relevant, although a certain degree of information about relevance may be required in order to process competing stimuli. In the second scenario, PPN is activated when a mismatch between an expected situation and the real situation occurs; that is, during prediction error (e.g., the absence of an expected reward triggers a new state where sensory events have increased salience). This scenario implies that the inputs to the PPN, which would have to encode motivational valence, signal a change in the behavioral outcome with the aim of triggering a mechanism that will update associations and develop new actions. While the two scenarios may involve different arrays of inputs and may develop with distinct dynamics (i.e., fast/sensory versus slow/high-order processing), the behavioral data support both possibilities. Indeed, these two scenarios may not be mutually exclusive, as both imply sensitivity to unexpected signals that, by means of cholinergic brainstem activation, will increase the levels of expectancy. Interestingly, behavioral experiments in monkeys have shown that expectancy induces an increase in gamma oscillations (Lima et al., 2011) , in line with the effect of activating simultaneously thalamocortical and thalamostriatal systems, as they originate from the same structures and possibly from the same neurons.
Activation of cholinergic inputs to thalamic and dopamine neurons may thus trigger a behavioral state adjustment and facilitate new associative learning by influencing striatal circuits. Interestingly, the inhibitory nature of the descending axon collaterals of PPN cholinergic neurons may simultaneously produce motor inhibition, suggesting that a detected change in contingencies may trigger an updating process that requires the inhibition of the ongoing behavior. In other words, if an action becomes obsolete and needs to be replaced with a new action, a mechanism for interrupting the ongoing behavioral output will be triggered enabling the circuits regulating motor inhibition. Such a process may be quickly and efficiently enacted by directly inhibiting motoneurons. In parallel, this inhibitory process may also be enacted by activating the basal ganglia output through direct connections with the STN (in order to suppress the striatal output). Finally, PPN may modulate striatal cholinergic interneuron activity by means of thalamostriatal activation, thus modifying the activity of striatal circuits and shaping striatal output by interfering with ongoing motor programs. The timing of such a sequence of synaptic events is not yet known, but they are likely to coincide with dopamine release triggered by mesostriatal neuron activation, thus contributing to the reinforcement of new associations ( Figure 5 ).
In conclusion, we propose that the main role of cholinergic neurons of the brainstem is to facilitate the updating mechanisms in the basal ganglia during changing environmental contingencies. More experiments are needed to hone and test this hypothesis, but the notion of cholinergic modulation of behavioral flexibility has been associated with other cholinergic systems, such as the cholinergic interneurons in the striatum and the basal forebrain projections to the prefrontal cortex. The Ascending projections from cholinergic neurons converge directly and indirectly at the level of the striatum. Activation of the mesostriatal system has been associated with reinforcement of actions, whereas activation of the thalamostriatal system likely processes salient stimuli and influences the behavioral state. A consequence of thalamic activation is the generation of thalamic and cortical gamma oscillations, usually associated with attentional and motivational states. Activation of the colliculi contributes to the modulation of attentional shifts and saccadic movement, whereas the activation of the STN will directly interfere with the basal ganglia output. Descending projections from cholinergic neurons have been shown to inhibit movement and muscle tone. Thus, the activation of cholinergic neurons may trigger a behavioral response aimed to inhibit previous actions and facilitate new associations while enhancing the processing of salient events. Abbreviations: Ant, anterior thalamus; GiN, gigantocellular nucleus; IC, inferior colliculus; PF, parafascicular nucleus; PnO, nucleus pontis oralis; PnC, nucleus pontis caudalis; Rt, reticular thalamic nucleus; SC, superior colliculus; SNc, substantia nigra pars compacta; SNr, substantia nigra pars reticulata; STN, subthalamic nucleus; VTA, ventral tegmental area.
role of non-cholinergic neurons of the PPN also requires further attention, as it is likely that they underlie complementary functions partly mediated by local connectivity (for example, a facilitatory motor output originated from glutamatergic neurons with descending projections). In this manner, the PPN as a whole may be adjusting behavioral associations and facilitating a behavioral output.
